Background: Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation method: a 13
Transcranial magnetic stimulation (TMS) is a method for non-invasive brain stimulation [1] . It has become 33 an attractive tool in neuroscience [2, 3, 4] and in some clinical applications [5, 6] , with thousands of devices 34 worldwide. In TMS, a strong current pulse through the windings of a coil produces a magnetic field, which, 35 in turn, induces an electric field (E-field) in nearby tissues. With a suitable figure-of-eight coil [7] , the cortex 36 M A N U S C R I P T
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ROI specifies the ݅:th region (݅ = 1 … ܰ ୖ୍ ) and 0 < ܿ < 1 describes how much the E-field amplitude is 79 reduced outside it. For example, to design a transducer that is able to induce an equally focal E-field 80 distribution in any orientation in any location within a continuous region of interest, we could form a nearly 81 uniform grid of target locations and a set of equally spaced stimulation orientations for each target. When 82 the discretised set of stimulation patterns has a sufficient sampling density, this set allows approximating a 83 continuous set of target locations and orientations. 84 If we assume that the ܰ coils forming the mTMS transducer are contained within one thin layer, each of 85 them can be described in a common basis: as with our previous work, a coil is described by its stream 86 function lying on a surface that follows the overall transducer shape and covers the whole transducer [19] . 87
At this point, we define the overall shape of the transducer, e.g., planar or curved, and its dimensions. A 88 stream function describes the amount of current around each point; any coil-current pattern can be 89 approximately represented by an ݊-dimensional vector, , where ݊ is the number of interior vertices in the 90 triangular mesh used to discretise the surface. Next, we look for a set of coil-current patterns on the 91 transducer surface that can induce all required stimulation patterns. The final ܰ stream functions that 92 correspond to the ܰ coils of the transducer must span this set of coil-current patterns. We can obtain one 93 possible set by computing the minimum-energy TMS coils, that is, solving the convex single-coil 94 optimisation problem of Ref. [19] , for all ݉ specified stimulation patterns separately: 95
where is the minimum-energy coil from the set of all coils that satisfy the ݅:th pattern ‫ܥ(‬ ), is a point in 96 space, is the magnetic field due to coil , and the integration is carried over all space. From this, 97 typically large set of coil-current patterns, we obtain a practical set by forming an ݊-by-݉ matrix ۱ in which 98
and then taking the first ܰ left singular vectors . Each of these singular vectors describes a coil-current 101 pattern. When ܰ is sufficiently large, linear combinations of (݅ = 1 … ܰ) can approximate any of the 102 original coil-current patterns (݅ = 1 … ݉). 103
Each singular vector (݅ = 1 … ܰ) corresponds to a stream function that describes a particular transducer 104 coil. As the are mutually orthogonal, we can expect the corresponding coils to have near-zero mutual 105 inductances. The coil windings can be extracted from the stream functions as in Refs. [18, 19] : the 106 individual turns of the windings follow the isolines of the stream functions, and the windings are obtained 107 by connecting consecutive turns in a spiral-like fashion. However, as all coils are described in a common 108 basis, their windings typically intersect; we can obtain feasible coil windings by adding a unique offset to 109 each coil surface before extracting the windings. When offsetting a surface, it is useful to re-compute the 110 respective stream function to ensure that the E-field remains intact. This can be done by computing on the 111 shifted surface the minimum-energy coil that induces the same E-field distribution as the original 112 was increased until the required number of coils increased. The points in the region were sampled from a 144 geodesic polyhedron whose edge lengths ranged from 2.4 to 2.9 mm. In each point, the different 145 orientations were sampled with 30° steps, and the focality constraints for each E-field distribution were 146 defined at 70, 90, 95, 99, and 100 % of the peak E-field. Second, we studied how the number of coils 147 increases when the surface area of the accessible region is doubled. Third, we investigated a limiting case 148 by designing a transducer for the stimulation of the whole superficial cortex, with a coil surface that coversM A N U S C R I P T
8 study we applied the spherically symmetric head geometry, the design formalism applies also to realistic 151 head geometry [19] . In this study, we calculated E-fields in a spherical head model as opposed to a realistic 152 head model, as these two approaches produce nearly identical coils for the stimulation of motor areas (see 153 [18, 19] ). In addition, coil optimisation in the spherical head model requires only about 1 % of the 154 computation time compared to that with realistic head models. The much faster computation is mainly due 155 to much simpler 2-dimensional focality constraints (in each discretisation point, 16 and 162 linear 156 constrains are required to approximate the constraint for the E-field magnitude in 2 and 3 dimensions, 157
respectively, see Ref.
[19]). 158
Two-coil transducer design and implementation 159 We designed and built a multi-locus transducer that can translate the stimulated spot along a 30-mm-long 160 line segment perpendicular to the direction of the peak E-field. When designing this mTMS transducer, we 161 computed the induced E-field in the geometry described in the previous section, used a large planar surface 162 for the overall transducer shape, and computed 31 stream functions to match the E-field distribution of a 163
Magstim 70mm Double Coil that was translated to stimulate different spots from -15 to 15 mm in 1-mm 164 steps. The focality constraints for each E-field distribution were defined at 70, 90, 95, 99, and 100 % of the 165 peak E-field. The first two singular vectors ( ଵ and ଶ ) explained most (88 %) of the variance in this 31-166 dimensional system. We extracted coil windings from these two vectors, with the number of turns selected 167 so that the inductance of both coils with two strands of wire per turn in series was between 16 and 18 µH. 168
The oval coil, described by ଶ , was translated outwards by 4 mm to avoid intersecting windings. 169
We manufactured a coil former from a 10-mm-thick 300-by-200-mm-wide sheet of polyvinyl chloride 170 following the description of Ref. [19] . The wiring of the figure-of-eight coil was placed at the bottom of 171 We used our TMS-coil characteriser [24] , which provides E-field values in a spherical head model with 70-191 mm cortical radius and 85-mm outer radius, to measure E-field distributions of the two-coil transducer 192 when driven by our mTMS device. These measurements were used to determine the mutual inductance 193 between the two coils and to fine-tune the coil voltages to obtain the same E-field intensity for all 194
translations. In addition, we measured the E-field distributions of each coil individually (with the other coil 195 disconnected from the device) to estimate the accuracy of the manufacturing process of the coils. the APB hotspot in 1-mm steps (a total of 124 pulses). In both mappings, the stimulation intensity 215 was 110 % RMT. For subject 1, the conventional mapping was performed first, whereas for subject 2, the 216 electronic mapping was performed first. All TMS pulses delivered with our custom-made mTMS device 217 were monophasic with a 60-µs rise time and a 30-µs "hold period" of near-constant current [26] ; the 218 interstimulus interval was randomised between 4 and 6 s. 219
The transducer position relative to the head was measured with a neuronavigation system (Nexstim eXimia 220 Navigated Brain Stimulation System). This system was used both to estimate the stimulated spots in the 221 conventional mapping and to maintain a constant coil position and orientation during the RMT 222 measurement and during the electronic mapping. The apparent change in the location of the stimulated 223 spot was defined as the Cartesian distance between the predicted cortical locations of the E-field maximumM A N U S C R I P T
11 in the cortex. In the navigation software, we selected the most similar coil to our figure-of-eight coil, the 225 Magstim 70mm Double Coil. 226
We rejected trials containing muscle preactivation, artefacts, or noise exceeding ±10 µV in amplitude in the 227 100-ms time window preceding TMS (a total of 2 out of 548 trials were rejected); in addition, we rejected 228 the trials in which the coil location was not recorded (a total of 4 out of the remaining 546 trials were 229 rejected). In the accepted trials, we determined the MEP peak-to-peak amplitudes. To assess the similarity 230 of the conventional and electronic mapping, for both subjects, we determined the width of a region that 231 produced MEPs greater than or equal to 50 µV in peak-to-peak amplitude. First, we took the moving 232 median of ten consecutive responses. Then, to account for possibly discontinuous regions, we computed 233 the distances between the farthest-from-origin points with median greater than or equal to 50 µV and the 234 closest-to-origin points with median less than 50 µV. Finally, we defined the width of the region as the 235 mean of these two distances. We compared the widths obtained by conventional and electronic mapping 236 with a permutation test (1000 repetitions, uncorrected two-tailed comparison). The level of statistical 237 significance was chosen to be ܲ < 0.05. 238
Results

239
Transducer design algorithm 240 For controlling both the stimulation direction and the location of the stimulated spot within a relatively 241 small region of the cortex, the algorithm yields a set of five overlapping coils: two figure-of-eight coils at a 242 90° angle, a circular coil, and two four-leaf-clover coils at a 45° angle (Fig. 1) . The possible E-field maxima 243 produced by this set of coils cover a cortical region of approximately 30-by-30 mm 2 . 244
All five coils of the transducer shown in Fig. 1 resemble coils that have been used for TMS [1, 7] or magnetic 245 nerve stimulation [27] and are also reasonably efficient unlike small circular coils. From this five-coil set, 246 three useful two-coil subsets can be identified. (1) Two figure-of-eight coils can control the orientation of 247 the stimulation (Fig. 1a,b) . (2) A figure-of-eight coil and a matched four-leaf-clover coil can control theM A N U S C R I P T
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location of the stimulated spot in the direction parallel to the stimulation direction (e.g., Fig. 1a,e) . (3) A 249 figure-of-eight coil and a matched, somewhat circular coil can control the location of the stimulated spot in 250 the direction perpendicular to the stimulation direction (e.g., the coil in Fig. 1a and a coil formed by 251 merging the coils in Fig. 1c,d ; see Fig. 2 ). As the primary motor cortex is often stimulated in the direction 252 perpendicular to the central sulcus, this last pair alone would already provide most of the desired control 253 over the stimulated spot in the primary motor cortex. 254
In addition to smaller regions of interest, the algorithm is suitable for designing optimised coil sets for 255 larger regions of interest. For example, the size of the covered region can be doubled by increasing the 256 number of coils from five to eight. When one applies this algorithm to design a transducer for a wide region 257 of interest, e.g., the whole superficial cortex, with a coil surface that covers the scalp, the algorithm gives a 258 set of increasingly complicated TMS coils, each of which would cover the whole transducer surface. The two-coil transducer that can translate the stimulated spot along a 30-mm-long line segment 267 perpendicular to the stimulation direction resembles a figure-of-eight coil overlaid by an oval coil (Fig. 2) . 268
Our figure-of-eight coil alone produces an E-field distribution similar to that of conventional figure-of-eight 269 coils (Fig. 3b, solid purple line) , whereas the oval coil produces a bimodal field distribution along its left-270 right axis, with opposite E-field directions (Fig. 3b, dashed green line) . A superposition of these two E-fieldsM A N U S C R I P T
13 black line). If the coil voltages in both coils are selected appropriately (Fig. 3a) , we can maintain constant 273 peak intensity while moving the stimulated spot steplessly (Fig. 3c) . 274
The voltages shown in Fig. 3a were fine-tuned to compensate for the non-zero mutual inductance between 275 the two coils, which we estimated to be around 0.02 times the coil inductance. The manufacturing process 276 produced coils that were highly similar with their corresponding simulated properties: both measured field 277 distributions in the direction perpendicular to the peak induced E-field of the figure-of-eight coil (Fig. 3b)  278 are almost indistinguishable from the corresponding simulated spatial distributions of the coil windings 279 (correlation 0.998 for the figure-of-eight coil and 0.999 for the oval coil). 280
In-vivo demonstration 281
The conventional and the electronically controlled maps of the APB motor representation area had similar 282 extent for both subjects, as seen in Fig. 4 . For subject 1, the widths of the regions producing MEPs greater 283 than or equal to 50 µV in peak-to-peak amplitude at 110 % RMT in the conventional and electronic 284 mappings were 13.7 and 16.8 mm, respectively. The difference between these two values was not 285 statistically significant (uncorrected two-tailed ܲ = 0.074). For subject 2, the respective values were 15.7 286 and 15.3 mm (uncorrected two-tailed ܲ = 0.83). For subject 2, the maps are also visually essentially 287 indistinguishable; for subject 1, the electronic map appears slightly wider than the conventional map. 288
Ideally, the conventional and electronic mapping results should be similar to each other. 289 keeping the E-field profile essentially unchanged. 299
Our in-vivo demonstration of the electronic stimulation targeting showed that physical transducer 300 movement can be substituted with electronic targeting. For subject 2, the two mapping approaches 301 produced practically identical results. The slight differences in the mapping results of subject 1 may be due 302 to several reasons, e.g., a higher excitability of the M1 during the electronic mapping. Indeed, the 303 electronic mapping produced larger responses than the conventional mapping at the cortical location 0 304 (see Fig. 4a ) although this corresponds to identical stimulation with the figure-of-eight coil only in both 305
methods. 306
The electronic control can be made near instantaneous compared to the time scales at which the brain 307 functions; the described mTMS device can stimulate separate cortical targets with interstimulus intervals 308 down to around 0.3 ms (the lower limit of the interstimulus interval is given by the TMS-pulse duration). 309
Thus, electronically controlled mTMS allows, for example, studying short-distance interactions between 310 inhibitory and facilitatory circuits [14] in detail. When combined with physiological or behavioural 311 recordings, mTMS would allow implementing also closed-loop paradigms [29, 30, 31] , in which the 312 stimulation targets and timings of subsequent pulses would be derived, e.g., from real-time-analysed 313 electroencephalography data. 314
In addition to its impact on neuroscience, the ability to select different stimulation targets without any 315 physical movement of the transducer may revolutionise also clinical TMS. mTMS will allow, e.g., electronic 316 stabilisation to compensate for minor patient movements during a treatment session. This would reduce 317 the stress of manual effort required to maintain the correct coil position. In addition, mTMS devices with 318 electronic control over the stimulated spot would allow automating clinical procedures in which cortical 319 areas are mapped, e.g., before brain surgery [32, 33] . With the development of new mTMS paradigms, we an overlapping oval coil. The figure-of-eight coil alone produces a focal stimulus underneath the centre of 423 the transducer. The oval coil alone produces a relatively broad stimulus on both sides of that location, with 424 the E-field reversing its direction underneath the centre of the transducer. As a superposition of the fields 425 of the two coils, we obtain a focal stimulus to the desired target near the centre. After the photograph was 426 taken, the wires were glued in place with epoxy. 427 
